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SUMMARY 

The t r a n s i e n t  performance of the  F100 engine model d e r i v a t i v e  (EMD) auqmentor 
w a s  eva lua ted  i n  an F-15 a i rp l ane .  The augmentor w a s  a newly desiqned 16-seqment 
auqmentor. I t  w a s  t e s t e d  with a segment-1 sp ray r ing  with 90° f u e l  i n j e c t i o n ,  and 
later wi th  a modified segment-1 sprayring wi th  c e n t e r l i n e  f u e l  i n j e c t i o n .  With 
t h e  900 f u e l  i n j e c t i o n ,  no- l igh ts  occurred a t  high a l t i t u d e s  w i t h  a i r speeds  of 
175 knots  01: less; however, t he  r e s u l t s  w e r e  better than  when using the  s tandard  
F100-pw-100 engine. With t h e  centerline f u e l  i n j e c t i o n ,  a l l  t r a n s i e n t s  were s u c -  
c e s s f u l  t o  an a l t i t u d e  of 15,500 m and an a i r speed  of 150 knots :  no f a i l u r e s  t o  
l i q h t ,  blowouts, or s t a l l s  occurred. For a f i rs t  f l i g h t  eva lua t ion ,  t he  augmentor 
t r a n s i e n t  performance w a s  exce l l en t .  

INTRODUCTION 

The performance of t h e  augmentor of an engine is  important  f o r  a hiqh- 
performance a i rp l ane .  The augmentor m u s t  have good t r a n s i e n t  c a p a b i l i t y ,  inc ludinq  
the  a b i l i t y  t o  l i g h t  r e l i a b l y  and rap id ly  over  t h e  f l i g h t  envelope. The F100 
engine t h a t  powers t h e  F-15 and F-16 a i rp l anes  has  a five-segment auqmentor t h a t  
has  experienced ope ra t iona l  problems i n  the h igh -a l t i t ude ,  low-airspeed f l i g h t  
regime, i nc lud ing  stalls ,  blowouts, rumble, and f a i l u r e  t o  l i g h t  ( "no - l igh t " ) .  The 
a d d i t i o n  of a d i q i t a l  e l e c t r o n i c  engine c o n t r o l  (DEEC) improved the  auqmentor oper- 
a t i o n  s i g n i f i c a n t l y  ( r e f .  1 ) .  However, i n h e r e n t  f e a t u r e s  of t h e  F100 auqmentor 
des ign  l i m i t  i ts  c a p a b i l i t y .  

As p a r t  of t h e  USAF-sponsored F l O O  enqine model d e r i v a t i v e  (EMD) proqram 
( r e f .  21, t h e  engine manufacturer developed a modified auqmentor, c o n s i s t i n g  of 
16 seqments. A s  p a r t  of a f l i g h t  eva lua t ion  of the  FlOO EMD i n  an  F-15 a i r p l a n e  
a t  the  Dryden F l i g h t  Research F a c i l i t y  of t h e  NASA Ames Research Center ( r e f .  31,  
the t r a n s i e n t  performance of t h e  augmentor w a s  i nves t iga t ed .  This  r e p o r t  desc r ibes  
t h e  F100 EMD augmentor, t h e  c o n t r o l  logic ,  and t h e  pre l iminary  f l i g h t  r e s u l t s .  

NOMENCLATURE 

AB a f t e r b u r n e r  

A J  exhaus t  nozzle  area, m2 

BPRC c a l c u l a t e d  bypass ra t io  

BUC hydromechanical backup cont ro l  

C I W  compressor i n l e t  v a r i a b l e  vanes 

C ENC convergent exhaust  nozzle  control 

DEM: d i g i t a l  electronic engine control 



EMD 

EPR 

FA- AB 

FTIT 

H P  

LOD 

M 

N1 

N2 

P AB 

PB 

PCM 

PLA 

PLA-AB 

PN1 C 

PS 2 

PT2 

PT 2C 

PT6M 

RC W 

S W  

t 

TT 2 

ULHC 

VC 

WF 

2 

engine model d e r i v a t i v e  

engine p r e s s u r e  ra t io ,  PT6M/PT2 

fue l - to-a i r  r a t i o  of t h e  augmentor 

€an turb ine  i n l e t  temperature  

pressure  a l t i t u d e ,  m 

l ight-off  d e t e c t o r  

Mach number 

f a n  ro to r  speed, rpm 

core  ro to r  speed, rpm 

augmentor s t a t i c  pressure ,  kN/m2 

burner  p r e s s u r e ,  kN/m2 

pulse  code modulation 

power lever  angle ,  deg 

power lever  angle  i n  a f t e rbu rn ing  range, deg 

€an ro to r  speed requi red  f o r  augmentor permission, pe rcen t  

f an  i n l e t  s t a t i c  pressure ,  kN/m2 

fan  i n l e t  to ta l  pressure ,  kN/m2 

PT2 ca l cu la t ed  by  t h e  DEEC 

mixed turb ine  d ischarge  t o t a l  p re s su re  (core and f a n ) ,  kN/m2 

rear compressor v a r i a b l e  vanes 

segment s e l e c t o r  valve p o s i t i o n ,  deg 

t i n e ,  sec 

engine i n l e t  t o t a l  temperature 

upper left-hand corner  

c a l i b r a t e d  a i r speed ,  knots  

f u e l  flow 



WFAB f u e l  f l o w  t o  augmentor 

WFGG f u e l  f low t o  engine gas generator 

DESCRIPTION OF APPARATUS 

Airplane 

The F-15 a i r p l a n e  ( f i g .  1 )  is  a high-performance, twin-engine f i g h t e r ,  capable  
of speeds t o  Mach 2.5. The engine i n l e t s  are the two-dimensional e x t e r n a l  com- 
p res s ion  type  with t h r e e  ramps, and f e a t u r e  v a r i a b l e  capture  area. The F-15 
a i r p l a n e  is powered by two F l O O  a f te rburn ing  turbofan  engines  loca ted  i n  the  
a f t  fu se l age  . 

Engine Descr ip t ion  

The FlOO engine is  a low-bypass-ratio (0.61, twin-spool, a f t e rbu rn ing  turbo- 
fan.  The three-s tage  fan  is dr iven  by a two-stage, low-pressure turb ine .  The 
10-stage,  high-pressure compressor is dr iven  by a two-stage high-pressure turb ine .  
The engine inco rpora t e s  compressor i n l e t  v a r i a b l e  vanes ( C I W )  and rear compressor 
v a r i a b l e  vanes ( R C W )  to  achieve high performance over a wide range of power 
s e t t i n g s ;  a compressor bleed is used only f o r  s t a r t i n g .  Continuously v a r i a b l e  
t h r u s t  augmentation is  provided by a mixed-flow augmentor which i s  exhausted 
through a var iab le-area  convergent-divergent nozzle. 

The F100 EMD engines  ( f i g .  2 )  are modified from t h e  s tandard  F100-PW-100 engine 
by f e a t u r e s  shown i n  f i g u r e  3. A redesigned f an  operates a t  a 5-percent higher  
a i r f l o w  and a 7-percent h igher  pressure ratio. The compressor is s l i g h t l y  modified 
by changing the  angle  of some of the stators. A modified combustor with a recon- 
toured a f t  end is used to p e r m i t  operat ion a t  h igher  combustor e x i t  temperatures. 
The high-pressure t u r b i n e  incorpora tes  s i n g l e  c r y s t a l  blades and vanes t o  operate 
a t  a 21OC h igher  f a n  t u r b i n e  i n l e t  temperature,  FTIT. The five-segment augmentor 
of t he  F100 is  replaced by a 16-segment augmentor i n  the  F100 EMD engine. Dual 
augmentor i g n i t o r s  and an  u l t r a v i o l e t  sensing l igh t -of f  d e t e c t o r ,  LOD, are pro- 
vided. The same exhaust  nozzle  is used. The F100 EMD is  equipped with an enqine- 
mounted DEEC and a noseboom s t a t i c  pressure (PS2) probe on t h e  hub of t he  engine. 
With these  modi f ica t ions ,  t he  F100 EMD engine is  r a t e d  i n  t h e  110,000 N (28,000 l b )  
t h r u s t  class, wi th  an 8.2 thrust-to-weight r a t i o .  

The F l O O  EMD pro to type  engines used f o r  the f l i g h t  eva lua t ion  were s e r i a l  
numbers P680350 and P680585. The tests were conducted dur ing  1983 and 1985. 

Augmentor. -The  augmentor sprayring conf igu ra t ion  of t h e  F100 EMD engines  i s  
shown i n  f i g u r e  4. There are nine sprayr ings  d iv ided  i n t o  16 d i s c r e t e  segments. 
Segments 1 to  14  are 180° segments, while segments 15 and 16 are f u l l  360° seg- 
ments. Fixed o r i f i c e  sprayr ings  a r e  used f o r  a l l  segments. Because the  segment 
volumes are r e l a t i v e l y  s m a l l ,  t h e  " q u i c k f i l l "  f e a t u r e  of t he  five-segment 
F100-PW-100 augmentor is  no t  requi red ,  and t h e  des ign  produces smaller pressure  
pu l ses  dur ing  segment sequencing. The s tandard  FlOO removable flameholder and a 
zero-asp i ra t ion  augmentor l i n e r  were used. 
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TWO d i f f e r e n t  segment-1 sp ray r ing  conf igu ra t ions  were t e s t e d  ( f i g .  5 ) .  The 
o r i g i n a l  des ign ,  shown i n  f i g u r e  5 ( a ) ,  i n j e c t e d  t h e  f u e l  a t  a 90° angle  i n t o  t h e  
p i l o t  s e c t i o n  of t h e  flameholder.  This  system w a s  l a t e r  modified t o  t h e  c e n t e r l i n e  
i n j e c t i o n  shown i n  f i g u r e  5 ( b ) ,  to  provide a more uniform f u e l  d i s t r i b u t i o n  across 
t h e  f l i g h t  envelope. 

Augmentor f u e l  d i s t r i b u t i o n .  -The  augmentor f u e l  d i s t r i b u t i o n  f o r  t h e  F100 EMD 
i s  handled by the augmentor f u e l  con t ro l .  The hydromechanical meter ing and d i s -  
t r i b u t i o n  u n i t  i s  shown i n  f i g u r e  6. The primary c o n t r o l  v a r i a b l e s  are the  seg- 
ment s e l e c t o r  valve and t h e  r o t a t i n g  f u e l  meter ing valve.  The segment s e l e c t o r  
valve t r a n s l a t e s  supply f u e l  t o  segments 1 t o  16. The f u e l  metering va lve  r o t a t e s  
t o  vary t h e  volume of f u e l  de l ive red  t o  each segment. These are pos i t i oned  by t h e  
DEEC according t o  l o g i c  d iscussed  below. Important  t o  note  i n  f i g u r e  6 are t h e  
i n d i v i d u a l  mechanical p re s su re  r e g u l a t i n g  va lves  which provide t h e  c o r r e c t  p re s su re  
t o  each segment. 

DEEC. - The DEEC i s  a f u l l - a u t h o r i t y ,  engine-mounted, fuel-cooled d i g i t a l  
e l e c t r o n i c  con t ro l  system t h a t  performs t h e  func t ions  of t h e  s tandard  F100 engine 
hydromechanical un i f i ed  f u e l  c o n t r o l  and t h e  supe rv i so ry  d i g i t a l  engine e l e c t r o n i c  
con t ro l .  The DEEC c o n s i s t s  of a s ingle-channel  d i g i t a l  c o n t r o l l e r  with s e l e c t i v e  
input-output  redundancy, and a simple hydromechanical backup engine c o n t r o l  (BUC).  
The DEEC system is  f u n c t i o n a l l y  i l l u s t r a t e d  i n  f i g u r e  7. I t  r ece ives  i n p u t s  from 
t h e  a i r f rame through t h r o t t l e  p o s i t i o n  (PLA) and Mach number ( M I ,  and from the  
engine through pressure  sensors  (PS2, PB, and PT6M), temperature  senso r s  (TT2 and 
FTIT), r o t o r  speed sensors  ( N 1  and N 2 ) ,  and an augmentor flame sensor  (LOD). I t  
a l s o  r ece ives  feedbacks from t h e  con t ro l l ed  v a r i a b l e s  through p o s i t i o n  feedback 
t r ansduce r s ,  i n d i c a t i n g  v a r i a b l e  vane (CIW and R C W )  p o s i t i o n s ,  meterinq valve 
p o s i t i o n s  f o r  gas-generator f u e l  f low (WFGG) ,  augmentor f u e l  f low (WFAB), segment 
s e l e c t o r  valve pos i t i on  (SVP) , and exhaust  nozzle  p o s i t i o n  ( A J ) .  

The i n p u t  information is processed by t h e  DEEC computer t o  schedule  t h e  
v a r i a b l e  vanes ( C I W  and R C W ) ,  t o  p o s i t i o n  t h e  compressor s t a r t  b leeds ,  to  con- 
t r o l  gas-generator and augmentor f u e l  f lows, t o  p o s i t i o n  t h e  augmentor seqment- 
s e l e c t o r  valve,  and t o  c o n t r o l  exhaust  nozzle  area. 

DEEC log ic .  - T h e  DEEC l o g i c  provides open-loop schedul ing of C I W ,  R C W ,  s t a r t  
b leed  p o s i t i o n ,  and augmentor con t ro l s .  The DEEC inco rpora t e s  closed-loop c o n t r o l  
l o g i c  t o  e l imina te  t h e  need f o r  pe r iod ic  trimming and to  improve performance. The 
two main c losed  loops are shown i n  f i g u r e  8. The t o p  p a r t  of t h e  f i g u r e  shows the  
t o t a l  a i r f l o w  loqic  i n  which gas-generator f u e l  f low (WFGG) is  c o n t r o l l e d  t o  main- 
t a i n  t h e  scheduled f an  speed, and hence, a i r f low.  Propor t iona l -p lus- in tegra l  
c o n t r o l  i s  used t o  match the  N1 r eques t  t o  the  sensed N1.  L i m i t s  of N 2 ,  FTIT, and 
PB are maintained. The a i r f l o w  loop i s  used f o r  a l l  t h r o t t l e  s e t t i n g s .  

Shown i n  the  lower p a r t  of f i g u r e  8 is  the  engine p re s su re  ra t io  (EPR) loop. 
The reques ted  EPR is  compared with t h e  EPR, based on PT2 and PT6M, and, us ing  
propor t iona l -p lus- in tegra l  c o n t r o l ,  t h e  nozzle  is  modulated to  achieve t h e  
reques ted  EPR. The EPR c o n t r o l  loop is  only  a c t i v e  f o r  in te rmedia te  power opera- 
t i o n  and augmentation. A t  l o w e r  power s e t t i n g s ,  a scheduled nozzle  area is  used. 
During augmentor sequencing, t h e  nozzle  base area i s  scheduled as a func t ion  of 
augmentor segment, as ind ica t ed  by power l e v e r  angle  i n  a f t e rbu rn ing  range 
(PLA-AB). Therefore,  dur ing  augmentor ope ra t ion ,  t h e  AJ w i l l  be t h e  base area 
trimmed as required t o  maintain EPR. 
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The LOD i s  used by t h e  DEEC to provide an i n d i c a t i o n  of flame i n  t h e  augmentor. 
The u l t r a v i o l e t  sensor  provides  a s igna l  proportional t o  flame i n t e n s i t y .  
i nco rpora t e s  an u l t r a v i o l e t  l i g h t  source t h a t  is  used t o  s e l f - t e s t  t he  LOD. 

It a l s o  

Augmentor log ic .  - To ob ta in  des i r ab le  augmentor performance, c o n t r o l  of f u e l  
f low and segment sequencing is var ied  according t o  f l i g h t  cond i t ions  ( f i g .  9 ) .  
Fuel f low and segment sequencing are con t ro l l ed  by way of t he  augmentor metering 
valve and segment selector valve,  respec t ive ly .  

Augmentor f u e l  f low is  c o n t r o l l e d  by a f u e l  metering valve. For t h e  f l i g h t  
tests, t h e  engines  were equipped with a s i n g l e  flow metering valve f o r  a l l  
16 segments; la ter  EMD engines  may be equipped with s e p a r a t e  core and d u c t  metering 
va lves  f o r  b e t t e r  f u e l  d i s t r i b u t i o n .  The s i n g l e  f u e l  metering valve is c o n t r o l l e d  
by t h e  DEEC by logic i l l u s t r a t e d  i n  f i gu re  9 ( a ) .  The b a s i c  f u e l - a i r  ra t io  schedule  
i s  a func t ion  of PLA-AB, PTGM, PTZC, and BPRC. This f u e l - a i r  r a t io  (FA-AB) is  
m u l t i p l i e d  by t h e  DEE-calculated total  a i r f l o w  t o  ob ta in  t h e  augmentor f u e l  flow, 
WFAB. The f u e l  f low i s  modified by an i g n i t i o n  b i a s  i n  segment 1,  a rumble b i a s  
i n  t h e  upper lef t -hand corner  (ULHC),  and a d u r a b i l i t y  b i a s  a t  high a i r speeds  t h a t  
would reduce the  o u t e r  segment (16)  fue l  flow. 

The sequencing l o g i c  i s  shown i n  f igu re  9 (b ) .  Augmentor permission i s  based 
on PLA, burner  p re s su re  (PB), and percent fan  r o t o r  speed ( P N l C ) ,  as shown. The 
P B  must exceed a minimum pressure f o r  augmentor permission; a t  PB values  below 
t h e  l i m i t ,  t h e  p r o b a b i l i t y  of a successfu l  augmentor l i g h t  i s  reduced. A t  l o w  
va lues  of PT2C, t h e  minimum PNIC f o r  permission is  increased  i n v e r s e l y  to  PT2C. 
T h i s  i nc reases  pressure  and temperature wi th  a h igher  p r o b a b i l i t y  of a success fu l  
l i gh t -o f f .  

i 

The rate of change of t h e  pos i t i on  of t h e  segment selector valve i s  con t ro l l ed  
by the  augmentor rate l i m i t i n g  logic. I t  is a func t ion  of PTZC. A t  l o w e r  values  
of PT2C, t h e  t i m e  requi red  between segments is increased  to a l l o w  the  EPR c o n t r o l  
loop  t o  maintain t h e  des i r ed  EPR more closely.  

The segment s e l e c t i o n  l o g i c  has several funct ions.  The segment sequencing is a 
func t ion  of PT2C and LOD, and t i m e  ( t).  This  l o g i c  holds  t h e  augmentor sequencing 
i n  segment 1 u n t i l  a s t a b l e  flame has been de tec t ed  by the  LOD. I n  add i t ion ,  a s  
PT2C dec reases ,  the maximum number of segments permissable is decreased. The 
number of segments i s  determined by funct ions of PT6M and the  c a l c u l a t e d  bypass 
r a t i o  (BPRC) f o r  rumble and l i n e r  d u r a b i l i t y  p ro tec t ion .  Figure 10 shows the  maxi- 
mum number of segments a l lowable over the f l i g h t  envelope. In  t h e  ULHC, t he  number 
of segments is  l imi t ed  to  10 by rumble cons idera t ions .  

The segment s e l e c t i o n  l o g i c  may a l so  au tomat i ca l ly  r e c y c l e  t h e  PLA-AB i n  case 
of an augmentor blowout o r  no- l igh t  ( f a i l u r e  t o  l i g h t ) .  I f  t he  LOD has no t  
d e t e c t e d  a l i g h t  wi th in  a prescr ibed  amount of t i m e ,  or i f  a blowout i s  de tec t ed ,  
t h e  PLA-AB is re turned  t o  in te rmedia te ,  and the i g n i t i o n  cyc le  is r e i n i t i a t e d .  Up 
t o  t h r e e  r e c y c l e  a t tempts  are allowed. Following a d e t e c t e d  blowout or no- l igh t ,  
an  LOD self-test i s  accomplished before t h e  r ecyc le  attempt. I f  t h e  LOD has f a i l e d ,  
t h e  l o g i c  can also use  a modified augmentor l i g h t i n g  and sequencing procedure. 
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Ins t rumenta t ion  

Instrumentat ion used t o  eva lua te  t h e  augmentor performance is  shown i n  f i g -  
u r e  11 .  S i g n i f i c a n t  p re s su re  parameters inc lude  segment p re s su res ,  augmentor 
s t a t i c  p res su re  (PAB), and PS2. Monitoring of segment p re s su res  i s  conducted by 
measuring s i x  of the 16 f u e l  segments with close-coupled p res su re  t ransducers .  
Measurement of PAB u t i l i z e s  a high-response p re s su re  t ransducer .  PS2 is measured 
by a PS2 probe mounted on t h e  i n l e t  hub. Addi t iona l ly ,  the nozz le  area (AJ) i s  
monitored as a funct ion of t h e  nozzle  a c t u a t o r  p o s i t i o n ,  which is c o n t r o l l e d  by t he  
DEEC. Addi t iona l  information received from t h e  DEEC inc ludes  segment and metering 
va lve  p o s i t i o n ,  N 1 ,  N 2 ,  FTIT, PTZC, and the  ou tpu t  of t h e  LOD. 

TESTS AND PROCEDURES 

Evaluat ion of the F100 EMD augmentor w a s  conducted dur ing  12 f l i g h t s .  The 
h i g h e s t  p r i o r i t y  was given t o  i n v e s t i g a t i o n  of t h e  upper le f t -hand  corner  (ULHC) ,  
where augmentor opera t ion  i s  more d i f f i c u l t .  From t h e  12 t es t  f l i g h t s ,  augmentor 
performance d a t a  were gathered through 158 t r a n s i e n t s  a t  a l t i t u d e s  up t o  15,550 m 
and a minimum a i rspeed  of 110 knots .  The maximum Mach number t e s t e d  w a s  2.0. 

Augmentor t r a n s i e n t  performance w a s  eva lua ted  wi th  r ap id  t h r o t t l e  t r a n s i e n t s .  
Each t r a n s i e n t  cons is ted  of a rap id  s ing le -d i r ec t ion  t h r o t t l e  movement ( snap)  by 
t h e  p i l o t  from one s t a b i l i z e d  PLA t o  another .  To main ta in  t h e  test f l i g h t  con- 
d i t i o n s ,  t h e  p i l o t  s t a b i l i z e d  speed by c o n t r o l l i n g  t h e  r i g h t  engine while  t h e  l e f t  
engine w a s  evaluated. Two types  of augmentor t h r o t t l e  t r a n s i e n t s  w e r e  conducted as 
r e p r e s e n t a t i v e  of s tandard  f l i g h t  condi t ion  extremes. The f i r s t  type  w a s  an i d l e -  
to-maximum-to-idle t h r o t t l e  snap sequence, while  t h e  second type  w a s  an  in te rmedia te -  
to-maximum-to-intermediate sequence. During t h e  sequence, t h e  engine w a s  he ld  a t  
one power s e t t i n g  u n t i l  s t a b i l i z e d .  Each t r a n s i e n t  w a s  repea ted  u n t i l  t h e  same 
r e s u l t  w a s  achieved i n  two o u t  of t h r e e  trials. Augmentor t r a n s i e n t s  t h a t  requi red  
r ecyc le s  were considered success fu l ,  b u t  w e r e  noted. 

The d a t a  from the augmentor ins t rumenta t ion  dur ing  t h e  tests w e r e  recorded on 
a pulse  code modulation (PCM) system. The d i g i t a l  PCM data were recorded by an 
onboard t ape  recorder ,  while  a l s o  being te lemetered t o  t h e  ground f o r  real-time 
d i s p l a y  i n  t h e  con t ro l  room. 

RESULTS AND DISCUSSION 

Performance of t h e  FlOO EMD augmentor i s  f i r s t  shown a t  t h e  h igh  and medium 
a i r speeds  where good augmentor ope ra t ion  is easy  t o  achieve.  Then, examples a t  
lower a i r speeds  a re  shown. 

High Airspeed 

A t i m e  h i s tory  of an intermediate-to-maximum p o w e r  t h r o t t l e  t r a n s i e n t  is  shown 
i n  f i g u r e  12, a t  an a i r speed  of 550 knots  and an a l t i t u d e  of 3600 m. The p i l o t  
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advanced t h e  t h ro t t l e  to  maximum a t  t = 0.6 sec. S ince  t h e  enqine w a s  a l r eady  a t  
i n t e r m e d i a t e  power, t h e  DEEC l o g i c  requested segment-1 i n i t i a t i o n ,  and turned on 
t h e  augmentor i g n i t o r s .  The i g n i t o r  sparks caused a very low-level i n d i c a t i o n  i n  
t he  o u t p u t  of t h e  LOD. The segment-1 pressure rise w a s  delayed approximately 
0.5 sec because of t h e  t i m e  r equ i r ed  t o  s t a r t  t h e  augmentor f u e l  pump and to  f i l l  
t h e  segment-1 sprayr ing .  The LOD ind ica t ed  a l i g h t  a t  t = 1.2 sec, as soon as t h e  
seqment-1 p re s su re  began t o  rise. Because the segment-1 f u e l  f low w a s  s m a l l ,  no 
s i g n i f i c a n t  p e r t u r b a t i o n  w a s  seen  i n  the augmentor s t a t i c  p res su re ,  PAB. The 
nozz le  area, AJ, i nc reased  s l i g h t l y  to  maintain EPR. Af t e r  a 0.5-sec hold i n  
seqment 1 ,  t h e  DEEC r e l e a s e d  the segment sequencing, and segments 2 t o  16 were 
turned  on. The segment p re s su res  shown i n  f i g u r e  12 ( 1 ,  2 ,  10, 1 1 ,  15, and 16)  
have d i f f e r i n g  l e v e l s  because of t h e  d i f f e r e n t  s e t t i n g s  of t h e  segment-requlatinq 
va lves  ( f i g .  6 ) .  The A J  i nc reased  smoothly and t h e  LOD remained a t  a hiqh level, 
i n d i c a t i n q  a qood q u a l i t y  flame. The PAB showed a s l i g h t  d i p  a t  t = 2.0 sec, w i t h  

a d rop  f r o m  260 t o  245 kN/m2 ( o r  6 pe rcen t ) ,  and s t ayed  wi th in  t h e  6-percent ranqe 
f o r  t h e  rest of t h e  t r a n s i e n t .  A t  t = 4.8 sec, the t r a n s i e n t  w a s  complete, f o r  a 
t r a n s i e n t  t i m e  of 4.2 sec. A t  t = 5.5 sec, segment 16 w a s  tu rned  o f f  by t h e  dura- 
b i l i t y  logic (shown i n  f i g .  9 ( b ) )  because of t h e  h igh  l e v e l s  of p re s su re  and t e m -  
p e r a t u r e  as a i r p l a n e  speed increased. 

F igu re  13  shows an idle-to-maximum p o w e r  t h r o t t l e  t r a n s i e n t  f o r  t h e  same f l i g h t  
cond i t ions .  The t r a n s i e n t  began a t  t = 0.8 sec w i t h  the t h r o t t l e  snap, and was 
followed c l o s e l y  a t  t = 1.0 sec w i t h  segment s e l e c t i o n  r e q u e s t  f o r  segment 1 and 
i g n i t o r  s t a r t u p .  By t = 1.4 sec, the segment-1 p re s su re  rise began. A s  shown, N 1  
w a s  n o t  r equ i r ed  t o  spool  up before  augmentor permission because of t h e  h igh  t o t a l  
p re s su re  (PT2) a t  t h e s e  f l i g h t  condi t ions  ( f i g .  10).  Th i s  k e p t  t h e  t i m e  d e l a y  be- 
tween segment r e q u e s t  and pressure r i s e  a t  only  0.4 sec. The LOD c l e a r l y  i n d i c a t e d  
t h e  augmentor l i g h t  a t  t = 1.8 sec. Segment-2 permission w a s  delayed by t h e  l o g i c  
u n t i l  t h e  f a n  speed approached i ts  f i n a l  value. F i n a l  segment s t a b i l i z a t i o n  
occurred  b y  t = 5.0 sec, f o r  a t r a n s i e n t  t i m e  of 4.4 sec - j u s t  s l i g h t l y  longer  
than  f o r  t h e  intermediate-to-maximum t r a n s i e n t  shown i n  f i g u r e  10. 

Moderate Airspeed 

A moderate a i r speed  th ro t t le  t r a n s i e n t  t i m e  h i s t o r y  is  shown i n  f i g u r e  14, a t  
c a l i b r a t e d  a i r s p e e d  (VC) = 310 knots  and an a l t i t u d e  of 10,700 m. The t r a n s i e n t  
began a t  t = 1.5 sec wi th  an  intermediate-to-maximum t h r o t t l e  snap. This  w a s  
followed i n  0.2 sec by a segment s e l e c t i o n  r e q u e s t  and i g n i t o r  s t a r t u p .  Seqment-1 
p re s su re  rise began a t  t = 1.9 sec, e x h i b i t i n g  a r a p i d  rise, b u t  d i d  n o t  r e s u l t  i n  
a p res su re  s p i k e  i n  PAB. The segment sequencing w a s  s i g n i f i c a n t l y  slower a t  t h i s  
f l i q h t  cond i t ion ,  and the nozzle response t o  each segment is evident .  A t  t h i s  
f l i q h t  cond i t ion ,  on ly  15 segments were used because of rumble cons ide ra t ions  
( f i g .  10) .  The t r a n s i e n t  w a s  e s s e n t i a l l y  complete a t  t = 8.0 sec. A t  t = 8.6 sec, 
t h e  p i l o t  r e tu rned  t h e  t h r o t t l e  to in te rmedia te  p o w e r ,  t h e  augmentor segments s h u t  
o f f  r ap id ly ,  and t h e  nozzle c losed  rap id ly .  By t = 9.8 sec t h e  augmentor w a s  
s h u t  o f f .  

The F100 EMD augmentor opera ted  success fu l ly  a t  h igh  and moderate airspeeds. 
N o  blowouts, f a i l u r e s - t o - l i g h t ,  or s ta l ls  occurred as a r e s u l t  of p re s su re  s p i k e s  
du r ing  sequencing. A t  VC = 250 knots  and above, no PLA recyc le s  occurred. 
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Low Airspeed 

A t  l o w  a i r speeds  (below VC = 250 k n o t s ) ,  o p e r a t i o n  o f  t h e  augmentor becomes 
more d i f f i c u l t .  Pressures  and temperatures are l o w  and t o t a l  a i r f l o w  i s  low. The 
auqmentor f u e l  flows a r e  l o w ,  making good f u e l  d i s t r i b u t i o n  more d i f f i c u l t  t o  
achieve.  T e s t s  were made with both t h e  90' i n j e c t i o n  segment-1 sprayr ing ,  and 
l a t e r  with t h e  c e n t e r l i n e  i n j e c t i o n  sprayring.  

An example of an idle-to-maximum p o w e r  t h r o t t l e  t r a n s i e n t  a t  an  a l t i t u d e  of 
,L . ,L .vv  11, vL - , L J  LIIUCb IS ahowii iii f i g u r e  15. Figiire * = I - '  1 3 i a )  ~ i i v w s  resuits with 
t h e  90° i n j e c t i o n  segment-1 sprayring.  A t  t = 0.3 sec, t h e  t h r o t t l e  w a s  advanced 
t o  maximum power. A t  t h i s  f l i g h t  condi t ion ,  augmentor permission w a s  delayed u n t i l  
t h e  f an  speed approached i t s  f i n a l  value. A t  t = 6.1 sec, t h e  f an  reached speed 
and augmentor permission w a s  achieved. The i g n i t o r  sparks  are seen i n  t h e  LOD s i q -  
n a l ,  wi th  segment-1 f u e l  f low beginning a t  t = 6.1 sec. However, no- l igh t  occurred. 
A f t e r  2.5 sec, the  DEEC dec lared  a "no-l ight ,"  and began a recyc le .  The segment-1 
f u e l  f low w a s  terminated, t h e  LOD w a s  t e s t e d ,  and a new a t t e m p t  t o  l i q h t  w a s  begun 
a t  t = 10.9 sec. This  w a s  a lso unsuccessful ,  and another  r e c y c l e  w a s  i n i t i a t e d .  
The t h i r d  r e c y c l e  began a t  t = 20.5 sec. J u s t  b e f o r e  t h e  end of t h e  2.5-sec per iod 
allowed f o r  a l i q h t ,  t h e  LOD f i n a l l y  showed a n  i n d i c a t i o n  of a l i q h t .  Seqments 2 
t o  10 w e r e  s u c c e s s f u l l y  l i g h t e d ;  however, t h e  t h r o t t l e  t r a n s i e n t  requi red  more than 
30 sec to  complete. 

1 9  ?nn - --a rv- - ?c ? - - - I -  

The same idle-to-maximum t h r o t t l e  t r a n s i e n t  was repea ted  on a later f l i q h t  with 
t h e  c e n t e r l i n e  i n j e c t i o n  f o r  t h e  segment-1 sprayr ing;  t h e  r e s u l t s  are shown i n  
f i g u r e  15 (b ) .  The t r a n s i e n t  began a t  t = 0.2 sec, and as before ,  auqmentor per- 
mission w a s  delayed u n t i l  t = 5.0 sec. The LOD shows t h a t  a l i g h t  occurred as soon 
as segment-1 f u e l  f low w a s  i n i t i a t e d .  The LOD remained a t  a h i g h  level  dur ing  t h e  
seqment sequencing. The PAB trace shows t h a t  pressure p u l s e s  were s m a l l ,  wi th  a 
maximum value of 4 kN/mZ, or less than 6 percent .  

Summary of Augmentor T r a n s i e n t s  

Success of the augmentor t r a n s i e n t s  with t h e  16-segment augmentor i s  shown i n  
f i g u r e s  16 and 17. Figure 16 summarizes t h e  t r a n s i e n t s  conducted with t h e  90' 
i n j e c t i o n  segment-1 sprayr ing .  The intermediate-to-maximum t r a n s i e n t s  are shown i n  
f i g u r e  1 6 ( a ) .  A l l  t r a n s i e n t s  a t  pressure  a l t i t u d e  (HP) = 12,200 m and below were 
successfu l .  A t  higher a l t i t u d e s ,  t h e r e  were no-l ights  and PLA r e c y c l e s  required a t  
t h e  lower airspeeds.  The PLA r e c y c l e s  w e r e  required because of no-l ights ;  once t h e  
l i g h t  occurred,  the  t r a n s i e n t  w a s  always successfu l .  N o  s ta l ls  occurred. The test  
r e s u l t s  f o r  t h e  s tandard F100-PW-100 engine are also shown, and are n o t  as good as 
those  f o r  t h e  F100 EMD tests. 

Figure 1 6 ( b )  shows idle-to-maximum success f o r  t h e  same conf igura t ion .  All 
tests were successfu l  a t  a i r s p e e d s  of 200 knots  and above. A t  l o w e r  a i r speeds ,  
PLA r e c y c l e s  were experienced, and no-l ights  occurred a t  a l t i t u d e s  of 13,700 m 
and above. The PLA r e c y c l e s  were requi red  because of no- l igh ts ;  once t h e  l . iqh t  
occurred,  as i n  f i g u r e  1 5 ( a ) ,  a l l  t r a n s i e n t s  were s u c c e s s f u l l y  completed. N o  
s t a l l s  or blowouts occurred. The success  boundary of t h e  F100-PW-100 i s  aqain 
shown, and i s  n o t  as good as t h e  F100 EMD. 
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Figure  17 shows the augmentor t r a n s i e n t  success  f o r  t h e  c e n t e r l i n e  i n j e c t i o n  
segment-1 sprayr ing .  Both intermediate-to-maximum t r a n s i e n t s  ( f i g .  1 7 ( a ) ) ,  and 
idle-to-maximum t r a n s i e n t s  ( f i g .  1 7 ( b ) )  were successfu l .  No PLA r ecyc le s  were 
r equ i r ed ,  and no s ta l l s  or blowouts occurred. In  a d d i t i o n ,  numerous t r a n s i e n t s  
w e r e  s u c c e s s f u l l y  conducted a t  l o w e r  a l t i t u d e s  and a i r speeds ,  such as 6000 m and 
110 knots.  C l e a r l y  t h e  c e n t e r l i n e  sprayr ing  so lved  t h e  problems of earlier tests 
wi th  t h e  900 i n j e c t i o n  segment-1 sprayring. Overa l l  t r a n s i e n t  performance of t h e  
modified 16-segment augmentor w a s  exce l len t .  

CONCLUSIONS 

An F100 EMD engine,  which incorpora tes  a newly designed 16-segment augmentor, 
w a s  eva lua ted  i n  f l i g h t  i n  an F-15 a i rp lane .  The f i r s t  con f igu ra t ion  tested incor-  
pora ted  90° f u e l  i n j e c t i o n  f o r  t h e  segment-1 sprayr ing .  This  conf igu ra t ion  w a s  
b e t t e r  than the s tandard  F100-PW-100 augmentor, b u t  d i d  exper ience  no- l igh ts  a t  
a i r s p e e d s  of 175 knots  and b e l o w .  N o  s t a l l s  or blowouts occurred. A modified 
segment-1 sp ray r ing  us ing  c e n t e r l i n e  f u e l  i n j e c t i o n  w a s  a l s o  t e s t e d ,  and w a s  suc- 
c e s s f u l  a t  a l l  t e s t e d  f l i g h t  condi t ions ,  i nc lud ing  a l t i t u d e s  t o  15,500 m and air-  
speeds down to  125 knots.  The f i rs t  f l i g h t  eva lua t ion  of t h e  16-segment augmentor 
was very success fu l .  

Nat iona l  A e r O M U t i C S  and s p a c e  A d m i n i s t r a t i o n  
Ames Research Center 
Dryden  F1 i g h t  Research  F a c i l i t y  
Edwards, C a l i f o r n i a ,  J u l y  3, 1985 
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Figure 1 .  F-15  a i r p l a n e .  
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Figure  3 .  F e a t u r e s  of FlOO EMD e n g i n e  i n  F-15 a i r p l a n e .  
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( a )  I n t e r m e d i a t e  to maximum. ( b )  I d l e  t o  maximum. 

F i g u r e  16 .  Summary of throt t le  transients ,  90' i n j e c t i o n  segment-1 
s p r a  y r i n g  . 
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( a )  I n t e r m e d i a t e  to maximum. ( b )  I d l e  t o  maximum. 

F i g u r e  1 7 .  
s p r a y r i n g .  All transients w e r e  s u c c e s s f u l .  

Summary of augmentor throt t le  transients ,  centerline i n j e c t i o n  
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